Abstract-An Electric Ring Resonator (ERR) loaded Sierpinski Square Gasket Fractal (SSGF) antenna for multiple frequency band application is proposed, fabricated, and measured. The CPW-fed antenna consists of a Multi-mode Electric Ring Resonator (MERR) which is fixed on reverse side of the substrate and iterated Sierpinski gasket fractal derived from a square patch which is stamped on top of an FR4. Multi-bands can be obtained by placing a single multi-mode ERR beneath the CPW structure of the antenna. Each resonating frequency band can be easily tuned by properly changing the dimensions of the ERR structure. Instead of ERR's quasi-lumped capacitance, reconfigurability of the low, middle, and high frequency bands can be achieved by using a pair of Digital Variable Capacitors (DVCs) inserted into the middle of the ERR's rings corresponding to the chosen mode. The bandwidth is enhanced using four iterations of square radiating patch, modified feed line, and multi-mode electric ring resonator-loaded ground plane. More specifically, the impedance matching of the CPW fed antenna is improved by introducing transitions between the microstrip feed line and the Sierpinski square gasket. The numerical results show that the proposed antenna has good impedance bandwidth and radiation characteristics in the operating bands at 3.08/5.81/8.02/12.13/15.56 GHz which cover the frequency spectrum of WiMAX, WiFi/WLAN(IEEE 802.11a), IEEE 802.16e, X-band uplink, S/C/X/Ku and K band with return loss of better than 10 dB.
Split ring resonator (SRR) is one of the main elements of metamaterial [17, 27] . Negative permeability characteristics and bandwidth improvement can be achieved by the use of SRR [26] . Different SRR structures are reported in the literature such as Multiple Split Ring Resonator (MSRR), Labyrinth Resonator (LR), Spiral Resonator (SR), Broad Side Coupled Split Ring Resonator (BCSRR), and NonBianisotropic Split Ring Resonator (NBSRR) [10, 16] . Because of the resonant nature, the design of a compact radiating element for CPW-fed antennas and microstrip planar antennas can be employed by SRR.
In this article, a Sierpinski square gasket fractal patch (Top Side) and Multi-mode Electric Ring Resonator (MERR) (Flipside) antenna are projected for S-band/Non-coherent UWB -2 to 4 GHz, WiFi/WLAN (IEEE 802.11a) -5.18 to 5.87 GHz, X-band uplink -8.02 to 8.5 GHz/10.28 GHz, Ku band downlink -10.7-12.75 GHz, Ku band -15.56 GHz. Sierpinski gasket fractal derived from a square patch is used. CPW feed is used with source and symmetry ground. The ERR resonance frequency with permittivity characteristics is also studied. The radiation characteristics of the antenna such as S 11 , gain, VSWR, and impedance bandwidth are mandatory, and the characteristics depend on the entire operating frequency. The proposed antenna is designed, simulated, and optimized by using electromagnetic simulator software CST microwave studio. 
ANTENNA DESIGN AND SIMULATED RESULTS

Antenna Geometry
Design Process
To better explain the antenna design, Figure 2 shows six evolution stages of the antenna. All the parameters of the antenna are optimized stepwise. During the stepwise optimization, at one time, one parameter is varied while keeping all other parameters constant. The basic or zeroth iteration of the designed antenna structure consists of a square radiator, coplanar waveguide feeding, and partial rectangular ground planes symmetrical to the feed line. From this 18 mm × 18 mm square radiator, a 9 mm × 9 mm square patch is etched away from both upper sides of the antenna. This results in the first iteration of the antenna structure. In the second iteration, from the 9 mm × 9 mm square patch, 4.5 mm × 4.5 mm square patch is etched away. Thereafter, a 4.5 mm × 4.5 mm central square slot is etched out from the first iteration structure to derive the second iterative structure. This pattern is repeated to obtain the structure of remaining iterations. Compared to microstrip patch antenna, coplanar waveguide feeding technique has wider bandwidth, better impedance matching, lower radiation loss, and less dispersion [2] .
The comparison of intermediated stages in terms of their reflection coefficient characteristics is shown in Figure 3 and listed in Table 2 . It is observed that as the number of iterations increases from the zeroth to second, the impedance matching is improved. Zeroth iteration antenna has single resonance frequency, while those from the first to final structures have dual-band characteristics with It is also observed that the impedance matching is improved during the transition from the zeroth to fourth iterations. For the final iteration, the impedance matching is improved over the operating band leading to a single wide operating band from 11.49 to 16.45 GHz. Thus, the introduction of fractal not only enhanced the overall bandwidth and but also increased the number of resonances. Figure 4 shows the responses of the proposed antenna (final model with transition) with and without loading the ERR structure in terms of reflection coefficient. From this result, it is evident that MERR loaded Sierpinski square gasket fractal antenna shows multiband characteristics, in which three resonant frequency bands, i.e., 3.08 GHz, 5.81 GHz, and 8.02 GHz, are provided by the metamaterial (MERR) structure. 
Parametric Study
The proposed antenna, as depicted in Figure 1 , has many elements that affect its performance. In the following research, when one parameter is changed, the others are kept the same to analyze the influence. To achieve the design requirements, these parameters provide the designer with more degrees of freedom. The most effective parameters will be examined, and their significance on the antenna response will be assessed. In order to analyze the impact of different parameters of the proposed antenna on return loss, we study the variation of S 11 with different values of G 2 , W f , and L g when port 1 is excited.
The Effect of Gap between Radiator and Ground (G 2 )
The effect of the variation of the spacing G 2 on the antenna performance is shown in Figure 5 , where G 2 is varied from 0.6 mm to 0.9 mm in steps of 0.1 mm. The location of the lower resonant band and its center frequency are slightly affected. Anyway, the influence on the upper resonant band is more apparent. As gap G 2 increases, the center of the upper resonant band is upshifted while the corresponding bandwidth becomes wider. Above some specific values of G 2 , the upper resonant band starts to weaken.
The Effect of Width of Fedline (W f )
The effect of the variation of the microstrip feed line width on the antenna performance is shown in Figure 6 , keeping the spacing G 2 and other parameters unchanged, where W f is varied from 3.0 mm to 3.6 mm in steps of 0.2 mm. The lower resonant band is not affected except for the more strengthened coupling of the band. However, the effect on the upper resonant band is more evident. As the width of the fedline increases, the upper resonant band is considerably affected; its position is shifted up while the corresponding bandwidth becomes narrower. Above certain values of fedline width, the upper resonant band starts to diminish. 
The Effect of Height of Ground (L g )
The effect of the variation of height of ground on the antenna performance is shown in Figure 7 . The antenna ground plane height is varied from 10.7 mm to 10.9 mm in steps of 0.1 mm. As the height of ground increases, the lower resonant band is slightly affected; its position is shifted down while the corresponding bandwidth is broadened. On the other hand, the upper resonant band is shifted down. However, the variation of the upper resonant band covers a broad frequency range starting from about 3.0 to 5.1 GHz.
Multi-Mode Electric Ring Resonator (MERR)
As a component of a UWB antenna, the ERR can be used in the design of a metamaterial structure [12, 13] . To realize MERR structure and its equivalent circuit, a tri-mode structure of the ERR providing a passband response at three chosen frequencies is used. The chosen frequency is controlled by the ERR geometry. Schematic diagram of the ERR consists of a square ring with the quasi-lumped capacitance inside. The equivalent diagram of the ERR corresponds to a parallel LC-tank [19, 20] . The resonant frequency depends on the inductance L (ring dimensions) and the capacitance C (the central gap width Gc and length Lc). The modified structure of the dual-mode resonator (dual-ERR) consists of two nested square rings. The behavior of the resonances at the first and second frequencies of the dual-ERR has been analyzed during the parametric study of the CPW with dual-ERR [14] . The low-frequency mode is provided by the excitation of the central capacitor and inner ring.
The current in the outer ring is conditioned by a mutual inductance between the rings [21] . This means that the resonant frequency of the first mode depends on the dimensions of the inner square ring L 1 and the quasi-lumped capacitance Lc, Gc. The second mode corresponds to the resonant response of the structure formed by two coupled rings with dimensions L 1 and L 2 .
The tri-mode ERR (tri-ERR) is used for the design of triple bands, shown in Figure 8 . The tri-ERR (TERR) of the antenna contains three coupled rings and a modified interdigital capacitor. The optimized dimensions are listed in Table 3 . The modified interdigital capacitor integrated into the tri-ERR is used for a realization of the first notch at frequency of 3.08 GHz. The low-frequency mode is provided by the excitation of the interdigital capacitor and inner ring. Two other modes arise from the resonances of structures formed by coupled rings with dimensions L 1 , L 2 , and L 3 . Thus, the triple band antenna design starts with the setting of the first mode by properly choosing the geometry of the capacitance and inner ring (L 1 ); then, the 
third mode is set by choosing a proper dimension of the middle ring (L 2 ), and finally, the second mode is set by choosing a proper dimension of the outer ring (L 3 ). For a design of the adjustable UWB triple band antenna based on tri-mode ERR, it is necessary to analyze the equivalent circuit model of such tri-ERR. An equivalent circuit model of the proposed tri-ERR is presented in Figure 9 . In this paper, the Nicolson Ross Wier process is measured to attain the negative permeability of the proposed MERR. The proposed MERR structure is validated with the negative permeability characteristics by using waveguide method. The proposed multi-mode electric ring structure is placed within waveguide as open in Figure 10 (a). The MERR loaded Sierpinski square fractal antenna design has exposed notch in the S 11 characteristics. The real parts of permeability are extracted as given in Figure 10 (b). Thus the metamaterial property proves the effective material constraints.
RESULTS AND DISCUSSIONS
Simulation Results
The simulated results show multiple band operations of the proposed fractal antenna which ranges 3.08/5.81/8.08/12.01/15.58 GHz with VSWR at 1.34/1.12/1.3/1.06/1.56/1.32 which covers S/C/X/Ku band wide bandwidth from 13.55 GHz to 16.79 GHz, useful for IEEE 802.11/WLAN/IEEE 802.16/Wi-MAX applications. To categorize the behaviour of the antennas reverberating method exciting current distributions of the antenna model are shown in Figure 11 .
For S-band frequency, 2.5 GHz, current is practically in the feed line as revealed in Figure 11 (a). For 3.08 GHz, C band is in the iterated Sierpinski square fractal, and the maximum current density is in MERR as shown in Figure 11(b) . At X-band frequency 12.01 GHz, maximum current density is in the edges of the iterated Sierpinski square fractal. The simulated gains of the MERR loaded Sierpinski square fractal antenna are 2.38 dBi, 5.22 dBi, 5.11 dBi, 3.48 dBi, and 5.86 dBi at center frequencies 2.5 GHz, 3.0 GHz, 5.5 GHz, 8 GHz, and 12 GHz, respectively. The simulated gain in 3D pattern is shown in Figure 12 .
In Table 4 , it is shown that the planned antenna produces superior antenna performance, covering more functional bands than the those in existing literature. Figure 14 . The return loss characteristic is measured by using vector network analyzer. From Figure 14 , it is clear that simulated and experimental results are in good agreement. The discrepancies between the simulated and experimental results can be attributed to the manufacturing tolerances, quality of the SMA connector, and scattering measurement environment. The fabricated MERR loaded SSGF antenna has resonances at frequencies of 3.08/5.81/8.02/12.13/15.56 GHz which covers S/C/Ku band with wide bandwidth from 13.58 GHz to 16.2 GHz. Details of simulated and measured antenna bandwidths at different frequencies are given in Table 5 . The graph showing variation of bandwidth at different operating frequencies is given in Figure 15 .
Experimental Results
In
The simulated and measured far-field radiation patterns in E-and H-planes of the antenna at the resonant frequencies of 3.08 GHz, 5.81 GHz, and 8.02 GHz are shown in Figures 16(a), (b) , and (c), respectively. The results show that omnidirectional pattern is observed in H-plane and bidirectional radiation pattern observed in E-plane. The simulated and measured gains at the resonance frequencies are plotted in Figure 17 . The proposed antenna has radiation efficiencies of 89.4%, 95.29%, 79.2%, and 82.64% at the resonance frequencies of 3.08 GHz, 5.81 GHz, 8.08 GHz, and 12.01 GHz, respectively. 
CONCLUSION
A compact Electric Ring Resonator (ERR) loaded Sierpinski Square Gasket Fractal (SSGF) antenna for multiple frequency band operation has been investigated and thoroughly analyzed in this paper. The proposed antenna size reduction has been carried out on the radiating antenna element and the width of its fed line. The size reduction of the radiating antenna element is achieved by applying the Sierpinski square gasket fractal geometry of four iterations to the radiator side. The conducted parametric study reveals that the antenna will have an exciting performance making it suitable for integration of many of the recently available communication services. A prototype of the proposed antenna is fabricated and tested. Measured results reveal that the antenna offers multiple resonant bands at 3.08/5.81/8.02/12.13/15.56 GHz which cover the frequency spectrum of WiMAX, WiFi/WLAN(IEEE 802.11a), IEEE 802.16e, X-band uplink, S/C/X/Ku, and K band. These multiple band antennas can be smoothly integrated by printed circuit boards (PCBs) of wireless communication devices.
